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A conceptual model for hydrate equilibrium in media with broad pore-size distributions is used to interpret
methane hydrate equilibrium experiments in silica gel pores with nominal radii of 2, 5, and 7.5 nm. While
the hydrate equilibrium pressure is an intensive property, it is demonstrated that the presence of a broad
pore-size distribution in a porous medium causes the experimental pressures to appear extensive. It is observed
that the sample size, the headspace volume, the temperature at which the experiments are started, and the
amount of hydrate allowed to dissociate to establish equilibrium at this initial temperature all affect the observed
pressure at any given temperature. The pore-volume distribution of the porous medium (not the nominal pore
radius) and the percent conversion of pore-water to hydrate also affect the measured equilibrium pressures.
As a result, measured equilibrium pressures at a specific temperature for identical media can be significantly
different, while those for different media may be superposed. These seeming inconsistencies, their causes,
and interpretations are examined and explained. Apparently fundamental problems in experimental data are
removed when the number of degrees of freedom is properly included in the interpretation.

Introduction

Gas hydrates, formed from light hydrocarbons and water at
high pressures and ordinary temperatures, result in crystalline,
ice-like clathrates in which the gas molecules are occluded. Their
study in porous media is relevant to hydrate formation in gas
reservoirs. Studies by Makogen1 in sandstones with nominal
pore radii of 5.7, 5.0, and 3.5µm suggested that the equilibrium
pressure increased as the pore size decreased, but for large pores
was nearly identical to that in the bulk.2 Handa and Stupin3

studied methane and propane hydrates in silica gel with nominal
7.5 nm pores, and Uchida et al.4 investigated the properties of
methane hydrate in three Vycor samples with nominal pore radii
of 25, 15, and 5 nm. In a recent work5 the authors presented
measurements for propane hydrate formation in silica gels with
nominal pore radii of 7.5, 5.0, 3.0, and 2.0 nm.

Henry et al.6 and Clarke et al.7 proposed interpretations of
the data of Handa and Stupin3 using a modified van der Waals
and Platteeuw8 equation. The authors of these interpretations6,7

suggested that the failure of the models may have been due to
the broad pore-size distribution9 present in the porous media.
In line with these suggestions, we conjecture that gas hydrate
equilibrium pressures in porous media with broad pore-size
distributions would depend on the ratio of the headspace volume
(the volume of the free space exterior to the porous medium
and interior to the reaction chamber) to the amount of hydrate
present in the sample. The latter depends on the amount of silica
gel used, the amount of sorbed water, the percent conversion
of this water to hydrate, and the amount of hydrate allowed to

dissociate prior to the first pressure-temperature equilibrium
measurement. (See Experimental Methods section below.) Also
affecting the observed equilibrium pressures would be the
temperature at which the first pressure-temperature equilibrium
measurement is made, and the pore-volume distribution of the
medium. These considerations imply that, due to the effect of
the pore-size distribution, the equilibrium pressures measured
in porous media involving broad pore-size distributions appear
to be extensive, even though they are not. This work presents
experimental evidence supporting these assertions, demonstrates
how differences in sample preparation can result in apparent
discrepancies in observed hydrate equilibrium pressures for
porous media involving broad pore-size distributions, and shows
how these apparent discrepancies in experimental data can be
reconciled by a model that includes the many degrees of
thermodynamic freedom established by the multiplicity of pore
radii in the porous medium.

Experimental Methods

The experimental methods used to form methane hydrate
(using methane with minimum purity of 99.97 mol % obtained
from Matheson) and to measure the equilibrium temperatures
and pressures in a high-pressure cell during its subsequent
dissociation are the same as those reported elsewhere.3,5 The
pressure measurements were made with a 20.78 MPa full-scale
transducer (Setra 204E transducer and Setra Datum 2000 reader)
calibrated by the dead-weight method. The accuracy of the
transducer was(0.1% of full scale. Prior to the beginning of
the decomposition experiments, excess gas left over from the
hydrate formation process is present in the cell. To obtain the
equilibrium pressure at the initial temperature, the gas pressure
is reduced below the expected equilibrium pressure, and a small
amount of hydrate dissociates until equilibrium is reached. The
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temperature is then increased, sequentially, and the pressure
recorded after equilibrium is reached at each temperature.

Results and Discussion

Henry et al.6 and Clark et al.7 presented modified van der
Waals and Platteeuw8 equations to model hydrate formation in
cylindrical pores. In the treatment of Henry et al.,6 the additional
term, due to the capillary pressure, is proportional to the surface
tension between the hydrate and water phases, and to the
reciprocal of the pore radius. Instead of using the radiusr and
temperatureT to predict the equilibrium pressureP, one can
use the experimentalT andP to determine the effective radius
involved in each equilibrium. As a basis for a conceptual model
for hydrate decomposition in porous media, consider a distribu-
tion of tubes with radiir1 < r2 < r3 ..., completely filled with
hydrate. As the temperature rises, the pressure in the headspace
will not be sufficient for all of the hydrate to remain stable.
Since hydrate in smaller radii tubes requires larger pressures to
remain stable,1,3,5 that in the smallest tubes decomposes first,
raising the pressure in the headspace. If the total volume of gas
available from tubes of radiusr1 is more than sufficient to raise
the pressure in the headspace to that necessary to stabilize
hydrate in these tubes, equilibrium will be reestablished before
they are all exhausted, and the observed pressure will be the
same as if the medium were solely made up of these tubes. If
tubes of radiusr1 do not contain enough gas to raise the pressure
by the required amount, all of the hydrate in these tubes will
decompose, and hydrate in the next size tubes will begin to
decompose. If the total volume from these two tube sizes is
more than sufficient to raise the pressure to the equilibrium value
for this larger tube, then some of the hydrate in tubes with radius
r2 will remain undecomposed, and the experimentally observed
pressure at this temperature will be that which would be
observed if the medium were solely made up of tubes having
radiusr2 . Thus, at each temperature the observed equilibrium
pressure corresponds to a single-size tube, but the size of the
tube varies as the temperature is raised. In addition, the size of
the tube involved in the equilibrium at a specific temperature
depends on the relative sizes of the headspace and the amount
of hydrate present in the sample, making the measured pressure
appear to be an extensive property.

Figure 1 shows hydrate decomposition data for two experi-
ments in pores of nominal 5.0 nm silica gel where the only
difference between experiments was the percent conversion of
water to hydrate (96% and 65%, respectively). A method to
calculate hydration numbers,10 in conjunction with a hydration
number reported in the literature,3 was used to calculate these
percent conversions. From the headspace volume and the total
amount of methane generated during the decompositions, the
ratios of the headspace volume to the numbers of moles of
methane sequestered as hydrate prior to any decomposition were

calculated to be 0.69 L/mol and 1.09 L/mol in the samples with
96% and 65% conversion, respectively. In these experiments,
only a small amount of hydrate was allowed to dissociate prior
to the first measurement, at 259 K (Figure 1), where both
samples had equivalent equilibrium pressures. In each sample
there was sufficient hydrate in the smallest pores to return the
cell to equilibrium, leading to nearly identical equilibria. As
the temperature was increased, the difference in the amount of
hydrate in each size pore (due to the different percent conver-
sions of water to hydrate) resulted in increasingly different sized
pores being involved in the equilibria. This difference caused
an increasing difference in the observed equilibrium pressures.
While the hydrate sample with the lower percent conversion
was completely exhausted at 275 K, the other was not exhausted
until approximately 280 K, where the observed pressure was
over 5 MPa. This pair of experiments, where the only difference
was the percent conversion of water to hydrate, demonstrates
the interaction of the headspace-to-hydrate ratio with the pore-
volume distribution. In such data, the increase in equilibrium
pressure as the temperature increases is actually the net result
of two competing trends: a pressure increase due to the rise in
temperature, and a decrease due to an increase in the radius of
the pores that are at equilibrium at each higher temperature.
The model proposed in this work suggests that a sample
containing a narrow distribution of pore sizes would show a
greater relative change in the equilibrium pressure with tem-
perature, due to a lessening of the latter effect.

Data for a pair of experiments with nominal 2 nm pores are
shown in Figure 2, where the percent conversions of water to
hydrate were 27.6% (sample SG2a), and 47.1% (sample SG2b).
The headspace-to-hydrate ratios were 2.55 L/mol and 1.77
L/mol, respectively. In these experiments the pressure in the
cell was bled down well below the equilibrium pressure before
the first pressure-temperature measurement, causing appreciable
hydrate to dissociate before the initial equilibrium was estab-
lished. Due to the lower percent conversion of water to hydrate
in sample SG2a, more of its smaller-sized pores were exhausted
during the re-pressurization by dissociation, and hence the initial
equilibrium involved a larger pore size (leading to a smaller
equilibrium pressure). The resulting difference in equilibrium
pressures can be seen at the lowest temperatures in Figure 2.
Calculations show that the small but significant difference
between the effective pore radii for the two samples at the lowest
temperatures increases to over 18% at 264 K, due to the smaller
amount of hydrate present in each size pore in sample SG2a.
This difference necessitates hydrate in larger and larger pores
to dissociate in SG2a in order to reach equilibrium (leading to
lower equilibrium pressures relative to SG2b). The change in
behavior at the lowest temperatures between the two 5 nm and
two 2 nm samples demonstrates how the amount of hydrate

Figure 1. Experimental equilibrium pressures for methane hydrate
formation in silica gels with a 5 nmnominal pore radius with percent
conversions of pore-water to hydrate of 65% (b) and 96% (O).

Figure 2. Experimental equilibrium pressures for methane hydrate
formation in silica gels with a 2 nmnominal pore radius for samples
SG2a (2) and SG2b (4). Also shown are results for bulk hydrate
formation11 (×).
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allowed to dissociate prior to an equilibrium measurement
affects the observed pressure.

Figure 3 shows equilibrium pressures for media with pores
of nominal 7.5 and 5.0 nm radii. A casual inspection of the
data suggests (incorrectly) that pore size has little effect on the
equilibrium pressures. More careful inspection shows that the
correct conclusion is the following:The nominal pore size of
a sample cannot be used to interpret hydrate equilibrium data
in porous media. Figure 4 shows the pore-volume distributions
of these two media calculated12 from nitrogen adsorption data.
As can be seen, the two are identical up to a pore radius of
about 6 nm. Equilibria in pores up to this size led to the close
correspondence in the equilibrium pressures shown in Figure 3
up to a temperature of 271 K, at which temperature calculations
show that the equilibria in both experiments involved pores with
radii approximately equal to 6.1 nm. As seen in Figure 3, the
data for the two samples appear to diverge after this point. This
divergence is due to the increasing differences in the pore-
volume distributions beyond 6.1 nm shown in Figure 4. The
divergence demonstrates the effect of different pore-volume
distributions on the observed equilibrium pressure. Above 271
K, the hydrate in pores where the two distributions coincide
has all been exhausted, and in the nominal 5 nm sample hydrate
in larger sized pores must be exhausted to reestablish equilibrium
at each successive temperature, leading to lower equilibrium
pressures.

The small differences in Figure 3 between the equilibrium
pressures between 264 and 270 K can also be explained. Though
there was a larger percent conversion in the 7.5 nm sample (84%
vs 65% for the nominal 5 nm silica gel), the 5 nm silica gel
actually contained 16% more hydrate (due to a larger silica gel
sample size), and had a 13% smaller headspace volume (also
due to the larger sample size), leading to a higher headspace-
to-hydrate ratio. Therefore, the 5 nm sample had more hydrate
in each size pore (due to the larger total sample size). This led

to a slightly smaller size pore being involved in the equilibrium
at each temperature, and thus slightly higher pressures. The
equivalence of the equilibrium pressures at 264 K demonstrates
the effect of initial temperature on the equilibrium pressure
observed at subsequent temperatures. Though in both experi-
ments the cell was bled to approximately the same pressure
before the first equilibrium measurement, the experiments in
the 5 nm silica gel started 4.5 K below the initial temperature
for the 7.5 nm sample. The additional hydrate decomposed at
these lower temperatures in the 5 nm sample compensated for
the higher total amount of hydrate present in the involved pores,
resulting in equivalent equilibria near 264 K.

The data for nominal 7.5 nm silica gel pores coincide with
data in the literature3 for this nominal pore size at the lowest
temperatures, and diverge moderately as the temperature
increases (similar to Figure 1). The percent conversion of water
to hydrate in our 7.5 nm sample was only 84% (relative to that
of Handa and Stupin3). While this could explain the differences
(see the discussion of Figure 1 above), a quantitative comparison
of the headspace-to-hydrate ratios cannot be made due to the
absence of needed data for the previously published experiments.

Summary

Observed hydrate equilibrium pressures in porous media that
have broad pore-size distributions depend on the interaction of
four factors: (1) the headspace-to hydrate ratio after hydrate
formation; (2) the temperature at which the first equilibrium
measurement is made; (3) the amount of hydrate allowed to
dissociate to establish equilibrium at this initial temperature;
and (4) the pore-volume distribution of the porous medium. The
complex interaction of these factors can lead to erroneous
conclusions when one attempts to interpret observed equilibrium
pressures in porous media without proper treatment of the many
degrees of thermodynamic freedom established by the multiple
pore radii. The consideration of these factors is essential for
correct comparison/explanation of experimental results for
hydrates in porous media that contain broad pore-size distribu-
tions of small pores and identical media.
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Figure 3. Experimentally measured equilibrium pressures in silica gels
of nominal pore radii 5 (b) and 7.5 ([) nm. Also shown are results
for bulk hydrate formation11 (×).

Figure 4. Pore volumes based on the Autosorb-1 desorption data in
Figure 1 for silica gels with nominal 7.5 nm (×) and 5.0 nm (+) pore
radii.
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